The two well-defined pathways that are shown to be prominently altered in a variety of cancers are the cell cycle regulatory pathways led by either p53 or Rb genes. The present study is undertaken to find the pathway that is more altered in oral carcinoma at protein level, with special emphasis on its prognostic significance. The expression pattern of key molecules of the Rb and p53 pathways, such as Rb, cyclin D1, CDK4, p16, p53, p21 and Bcl-2 and the proliferative marker PCNA were analysed in 348 oral carcinoma specimens by immunohistochemical technique. The expression index of these molecules and various clinicopathological factors were statistically correlated with treatment end points to assess its prognostic efficacy after following up these patients up to a maximum of 48 months with a median of 23 months. Rb pathway proteins, Rb (P ¼ 0.016), cyclin D1 (P ¼ 0.0001) and p16 (P ¼ 0.012) showed significant association with disease-free survival, and p16 (P ¼ 0.041) and cyclin D1 (P ¼ o0.0001) with the overall survival. Among p53 pathway proteins studied, only p53 expression index showed association with both disease-free survival and overall survival. Multivariate analyses confirmed that the biological variables, cyclin D1 and p16 and the clinical variable, 'stage of disease' were independent predictors of disease-free survival and overall survival. Subgrouping of the patients on the basis of p16 and cyclin D1 expression revealed that the subgroup having downregulation of p16 and overexpression of cyclin D1 exhibited the worst disease-free survival and overall survival compared to the other subgroups. The present data showed that disabling of the Rb and p53 pathways were frequent events in oral carcinoma. The study also demonstrated that the Rb pathway proteins are comparatively more important than p53 pathway proteins for the prognostication of oral carcinoma patients. The combined evaluation of p16 and cyclin D1 in oral carcinoma could identify a group of patients with the worst survival who might therefore need alternate or more intense treatment strategies. Oral cancer is one of the 10 most common cancers in the world and is commonest in India and other south-east Asian countries.
Oral cancer is one of the 10 most common cancers in the world and is commonest in India and other south-east Asian countries. 1 In India, oral cancer is highly prevalent, comprising a large fraction of all malignancies, due to the habit of tobacco chewing alone or with betel quid, which is commonly observed in the population. 2 Although recent advances have reduced the morbidity of oral cancer, the 5-year survival rate for these patients has remained almost unchanged at B50% for the last 30 years. 3 Oral cancers are highly heterogeneous in nature regarding site, biology and treatment response. In clinical practice, the treatment planning and prognosis of oral cancer is mainly based on the TNM classification; however, there is increasing evidence that in its current form, it is probably insufficient to predict the clinical outcome of patients with oral carcinoma. Therefore, it is important to look for new biological prognostic markers that might add information about the aggressiveness of tumours and treatment response. A number of studies have revealed the pivotal role played by proto-oncogenes and tumour suppressor genes in cell cycle regulation and apoptosis, indicating their aberrant expression during the course of evolution of various human cancers. 4 The Rb pathway and the p53 pathway are two important, interconnected biochemical pathways frequently perturbed in human cancer ( Figure 1 ). It has been reported that more than 90% of oral tumours had at least one abnormality affecting either Rb or cyclin D1 or p16 5 and the data suggest that this pathway is a near universal target in oral carcinogenesis. After activation by cyclin D1, CDK4 or CDK6 is able to phosphorylate the Rb protein, leading to its functional inactivation and release of transcription factors necessary for entry into S phase and cell cycle progression. 6, 7 p53 is reported to play a key role to ensure genomic integrity. In order to facilitate this, apoptosis should be tightly coupled to cell cycle checkpoints. 7 In response to a variety of types of DNA damage, the p53 tumour suppressor gene product is activated and regulates a number of downstream cellular processes such as cell cycle arrest, apoptosis and DNA repair. p53 was shown to mediate the arrest of cells at the G1/S boundary mainly by transactivating p21 gene (Figure 1) , which inhibits the function of the CDK4-cyclin D complex. 8 The proapoptotic effects of p53 are mediated by a variety of mechanisms, including the downregulation of bcl-2 and the induction of proapoptotic members of the bcl-2 family.
Comprehensive studies of the clinical significance of these perturbations in the components of Rb and p53 pathways have not been performed in oral carcinoma. In the present study, we have investigated the expression of Rb pathway proteins like Rb, cyclin D1, CDK4 and p16, and p53 pathway proteins, p53, p21 and bcl-2 in a large cohort of oral carcinoma patients. We have also analysed the expression of a proliferation marker, Proliferating Cell Nuclear Antigen (PCNA), in these samples. The expression data were then correlated with treatment outcome to determine their potential prognostic value.
Materials and methods
For the present study, 348 consecutive (previously untreated) patients with oral cancer attending an outpatient clinic of the Regional Cancer Centre, Thiruvananthapuram were included, after obtaining the Ethics Committee's approval. The clinicopathological characteristics of these cases are summarized in Table 1 . Clinical staging of the disease was carried out according to the UICC criteria. The mean ages of male and female patients were 60710 and 59710 years, respectively. There were 129 female (37%) and 219 male patients (63%). Radiotherapy was the sole treatment modality in 165 patients, surgery alone was carried out in 23 patients, 94 patients received combined XRT and surgery and the remaining cases (66) received adjuvant chemotherapy along with radiotherapy or surgery. Clinical follow-up of all these patients was carried out until death or up to a maximum of 48 months with a median follow-up of 23 months.
Immunohistochemistry
Standard avidin-biotin complex (ABC) method was employed for immunohistochemical studies, as described earlier by us. 9 Briefly, 5-mm-thick tissue sections were cut from buffered formalin-fixed, paraffin-embedded tissues. Sections were deparaffinized in xylene and rehydrated. Microwave pretreatment in citrate buffer was performed to retrieve the epitopes. After blocking the nonspecific sites, the sections were incubated overnight at 41C with optimally diluted respective primary antibodies: Rb (clone IF8), cyclin D1 (clone DCS6), CDK4 (clone DCS35), p16 (clone ZJ14), p53 (clone DO7 and PAb240), p21 (clone DCS60.2), Bcl-2 (clone 4D7.6) and PCNA (clone PC10). All the antisera were purchased from Neomarkers, CA, USA. Negative controls (with diluted non-immune mouse sera instead of primary antibody) were also run with each sample. The antibody-bound sites were visualized using an avidin-biotin-immunoperoxidase system (VectaElite, Vector Laboratories Inc., Burlingame, CA, USA) with diaminobenzidine with nickel intensification (Vector Laboratories Inc., Burlingame, CA, USA) as chromogen and counter stained with haematoxylin. The surrounding stromal cells and adjacent normal epithelia present in the sections served as internal controls.
Immunohistochemical Staining Evaluation
The immunostained sections were examined microscopically by two of the authors without the knowledge of the patients' clinical data or treatment outcome. The intensity of staining was evaluated using a four-point semiquantitative scale: 0 ¼ negative, 2 ¼ mild, 4 ¼ moderate, 6 ¼ intense. Besides the staining intensity, the percentage of positive Alterations in p53 and Rb pathways in oral cancer R Jayasurya et al cells was also noted. For assessing the positivity, the cells seen at the invading tumour front or the deep malignant islands were considered. For analysis, the results were expressed as expression index, that is, the product of percentage of positivity and score of the staining intensity seen in the majority of the cells. For Bcl-2, staining intensity alone was considered as its expression was only confined to the cytoplasm of basaloid cells. For analysis, median of expression index was taken as cutoff point to dichotomize the data. The expression index values above the median were categorized as overexpression and median value or values below the median were considered as low expression.
Statistical Analysis
Statistical analysis between clinico-biological factors and end points was carried out using the logrank test. The end points considered in the present study were disease-free survival and overall survival. Disease-free survival status was scored as poor or good. Poor disease-free survival status was defined as the retention of treated lesion even after the completion of treatment or the presence of recurring disease in an initially well-responded lesion. Overall survival was scored as either dead or alive at the last follow-up, irrespective of the disease status. Predictive variables in univariate analysis were then incorporated into multivariate analyses using the Cox's proportional hazard model by applying forward stepwise logistic regression to identify the factors that were independent predictors of the survival end points. The hazard ratio and 95% confidence interval of hazard ratio were calculated. Disease-free survival and overall survival curves were prepared by the Kaplan-Meier method. The significance of the differences between the curves was calculated using the log-rank test. A two-tailed P-value o0.05 was considered 'statistically significant' in all statistical analyses.
Results

Expression Pattern of Rb and p53 Pathway Proteins
Immunohistochemical expression pattern was determined by evaluating both the staining intensity and the percentage of positive cells. Representative pictures of immunohistochemical staining are shown in Figure 2 . The immunohistochemical staining patterns of Rb and p53 pathway proteins in normal and malignant epithelium are summarized in Table 2 . All the examined proteins (except p16) of Rb and p53 pathways were overexpressed in tumour cells. p16 exhibited a downregulation in the majority of malignant cases (Figure 2c ). Except Bcl-2, all other proteins studied are primarily located in the nucleus, but bcl-2 expression was mainly Alterations in p53 and Rb pathways in oral cancer The staining intensity and positivity were comparatively more with DO7 than with PAb240. In all, 6.7% of cases were negative and 70.5% showed intense staining with DO7 clone. However, when PAb240 clone was used, 41.2% of cases showed negative staining and only 32% of cases showed intense staining. The expression of PCNA was not confined to the basaloid cells, but was also seen in differentiating squamous cells. Poorly differentiated tumours showed higher PCNA expression compared to well-differentiated ones.
Association of Rb and p53 Pathway Proteins with Survival of the Patients
Disease-free survival The clinico-biological variables that had significant relation with disease-free survival and overall survival in univariate analyses are summarized in Tables 3 and 4 , respectively. The level of expression of Rb pathway proteins, Rb, cyclin D1 and p16 showed significant association with diseasefree survival. Overexpression of cyclin D1 and Rb and low expression of p16 showed significant association with reduced disease-free survival. The other Rb pathway proteins studied did not exhibit any significant difference with disease-free survival. Kaplan-Meier survival curves for the patients with low or high expression of cyclin D1 and p16 are presented in Figure 3a and b, respectively. Alterations in p53 and Rb pathways in oral cancer R Jayasurya et al
When the possible association of p53 pathway proteins were examined, only p53 expression pattern showed significant association with disease-free survival (Table 3) . Expression pattern using p53 monoclonal antibodies Pab240 (P ¼ 0.006) showed more significant association compared to DO7 (P ¼ 0.028). In addition, conventional clinical variables such as N-status (P ¼ 0.0006), T-status (P ¼ 0.006) and stage of lesion (0.009) were also significantly associated with disease-free survival.
Overall survival
In terms of the overall survival, the Rb pathway proteins like p16 (P ¼ 0.041) and cyclin D1 (P ¼ o0.0001) showed prognostic significance in univariate analysis (Table 4 ). The Kaplan-Meier survival curves for low and high expression of cyclin D1 and p16 in relation to overall survival are given in Figure 4a and 4b, respectively. Among the various p53 pathway proteins studied, only p53 expression showed significant association with overall survival. This effect of p53 protein was seen with both monoclonal antibodies DO7 and Pab240. 
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Overall survival was also significantly associated with N-status (P ¼ 0.009), T-status (P ¼ 0.0003) and stage of disease (P ¼ 0.0006).
Multivariate analysis
In multivariate Cox analysis, clinical and biological variables that showed significance in univariate analysis were selected. The markers that showed independent influence on disease-free survival and overall survival are shown in Table 5 . Among the conventional clinical variables, only stage of disease was found to be an independent predictor for both disease-free survival and overall survival in these patients. Among the biological variables, Rb pathway proteins, cyclin D1 and p16 were found to be independent predictors of disease-free survival and overall survival in these patients. Thus, cyclin D1 and p16 expression were important biological prognostic markers for oral cancer and their influence on the survival of the patients was stronger than the other conventional clinical prognostic markers examined (Table 5 ).
Combined Effect of Cyclin D1 and p16 Expression on Treatment Response
Since cyclin D1 and p16 expression were found to be independent predictors of disease-free survival and overall survival, we also assessed the effect of different combinations of these two potential biomarkers on disease-free survival and overall survival. All cases were categorized into four subgroups according to cyclin D1 and p16 expression pattern. w 2 test was used to analyse the combined effect of the expression of these proteins on disease-free survival and overall survival. The relative risk and the percentage of poor responders in each combination and their significance are presented in Table 6 . Kaplan-Meier survival curves for the combined effect of cyclin D1 and p16 on disease-free survival and overall survival are given in Figures 3c and 4c , respectively. In all, 67.2% of cases with 'low cyclin D1 expression and high p16 expression' had good disease-free survival, whereas only 33.9% of cases with 'high cyclin D1 expression and low p16 expression' had good disease-free survival. In all, 64.9% of patients with a molecular phenotype of 'low cyclin D1 expression and high p16 expression' were alive after 48 months of follow-up, whereas only 28.7% of patients with a molecular phenotype of 'high cyclin D1 expression and low p16 expression' were alive after the same period of follow-up. The survival of the patients was intermediate for the other two subgroups. Thus, subgrouping of patients based on the expression of cyclin D1 and p16 could identify a group of patients with very poor prognosis.
Discussion
Dysregulation of the cell cycle machinery is a fundamental feature of cancer. The multistep process of oral carcinogenesis likely involves functional alterations of cell cycle regulatory members combined Alterations in p53 and Rb pathways in oral cancer R Jayasurya et al with escape from cellular senescence and apoptotic signalling pathways. The ability to map the signature cell cycle defects in human oral cancer is useful for early diagnosis, prognostication and biologybased therapy. 10 Mutational events that disable the Rb pathway enforce cell proliferation and are counterbalanced by a p53-dependent apoptosis response that can eliminate incipient cancer cells. Several reports have indicated that loss or deregulated expression of several genes that have a significant role in Rb and p53 pathways are critical events in the evolution of oral carcinoma. 10 In the present study, we analysed the expression pattern of the important members in the Rb and p53 pathway in 348 oral cancer samples and assessed their prognostic potential. The principal finding of our study is that the expression of Rb pathway proteins like cyclin D1 and p16 are independent biological prognostic markers for oral carcinoma and can supplement the conventional clinicopathological prognostic markers. The simultaneous assessment of cyclin D1 and p16 showed their potential in the identification of a subgroup with the worst prognosis. Our data have failed to establish independent prognostic roles for other proteins of the Rb and p53 pathways.
Rb pathway plays a crucial regulatory role in cell cycle progression. 11, 12 Initial inactivating phosphorylation of Rb by cyclin D-CDK4/6 complex in the mid to late G1 phase of the cell cycle releases E2F from Rb and, subsequently, progression of cell cycle occurs ( Figure 1 ). Rb function may be abrogated by mutations of specific components in this pathway. Although expressions of some of these components were seen to be frequently altered in the present study, only cyclin D1 and p16 showed significant association with survival. Cyclin D1 overexpression showed significant association with poor diseasefree survival and overall survival. In previous studies, Masuda et al 13 and Bova et al 14 have found significant association between cyclin D1 overexpression and reduced survival in head and neck squamous cell carcinoma (HNSCC) and tongue carcinoma, respectively. The mechanism by which cyclin D1 overexpression leads to reduced survival remains unclear. Ruas and Peters 12 have found that overexpression of cyclin D1 leads to the formation of more cyclin D1-CDK4/6 holoenzyme, which triggers the phosphorylation of Rb, thereby helping to cancel its growth repressive functions. Cyclin D1 was also shown to affect the activity of various cellular transcription factors in a CDK-independent manner. 15 Recently, Lamb et al 16 demonstrated that the pathway connecting cyclin D1 with E2F-mediated transcription is not as important as previously reported. Instead, their studies showed the existence of a functional interdependency between cyclin D1 and C/EBP. Thus, the observed association between overexpression of cyclin D1 and poor survival may have been contributed by CDK-dependent and/orindependent pathways.
Loss of functional p16 in HNSCC may be the result of homozygous deletion, promoter hypermethylation or due to mutation. 17, 18 In the present study, downregulation of p16 was seen in 64% of cases. High frequency of p16 downregulation has also been reported in HNSCC, in other previous studies. 14, 19 The prognostic significance of p16 expression remains controversial. Pande et al 19 and Miracca et al 17 reported a high frequency of p16 alterations in head and neck tumours, although they failed to establish any prognostic significance for 'À' ¼ Low expression (rmedian of expression index); '+' ¼ overexpression (4median of expression index).
Alterations in p53 and Rb pathways in oral cancer R Jayasurya et al p16 alterations. However, in other studies, loss of p16 function has been correlated with poor prognosis in oral cancer patients. 14, 20 In the present study, loss of expression of p16 was found to be an independent prognostic marker for predicting the disease-free survival and overall survival in oral cancer patients. In the absence of p16 expression, p16 cannot inhibit the kinase activity of the cyclin D-CDK4/6 complex, and therefore it will inactivate Rb and untether E2F from Rb. This may trigger increased cell proliferation, which may contribute to poor survival.
Although the cell cycle regulators, cyclin D1 and p16, showed significant relation with disease prognosis, the cell proliferation marker, PCNA, did not exhibit any relation with both treatment end points. Although PCNA is considered to be the ideal marker for cell proliferation, recent studies advocate using Ki-67 (MIB-1) as proliferation marker for prognostic studies as the half-life of PCNA protein is comparatively long and thus cells in a nonproliferative state also may retain this protein. 21 Hence, we have also analysed the expression pattern of Ki-67 in the sections of the same sample available with us in order to see whether Ki-67 has any prognostic significance in these samples. A total of 112 samples were stained for Ki-67 and the expression pattern showed significant correlation (coefficient ¼ 0.543; P ¼ o0.001) with the expression pattern of PCNA. Like PCNA, Ki-67 expression also did not show any significant association with disease-free survival or overall survival. Thus, the results showed that proliferation rate of the tumours may not influence the treatment response.
We also examined the combined influence of p16 and cyclin D1 expression on the prognosis of the patients. The subgroup having a molecular phenotype, cyclin D1 overexpression and low expression of p16 had the lowest survival rate, whereas the subgroup with low expression of cyclin D1 and p16 overexpression had significantly longer disease-free survival and overall survival. The findings of a recent report that cyclin D1 overexpression exerts its oncogenic activity in a CDK4-independent manner and cyclin D3 through CDK4-dependent fashion 16 leads to the conclusion that simultaneous overexpression of cyclin D1 and low expression of p16 may contribute to overactivation of both these pathways. This may be the reason for the poorest survival in the subgroup showing aberration in both these genes. Thus, maintaining an unimpaired Rb pathway seems to be a prerequisite for good survival of the patients following the treatment, and aberrations in this pathway act synergistically on the survival, a matter of concern for designing treatment. Bova et al 14 has also reported reduced diseasefree survival and overall survival among the subgroup of patients with a loss of p16 expression and overexpression of cyclin D1 in tongue carcinoma, which is analogous to the results of the current study. In a more recent report, cyclin D1 amplification and p16 deletion, when taken together, indicated a poorer treatment outcome than either of the abnormalities alone in HNSCC. 22 Our previous report also demonstrated that p16 and cyclin D1 were significant biological markers to assess the radioresponse in oral cancer patients. 9 Cyclin D1 and p16 predicted the survival of the patients comparatively stronger than any of the conventional clinicopathological prognostic markers examined. Therefore, subgrouping the patients based on the molecular phenotype of cyclin D1 and p16, we could identify groups of patients with bad prognosis, and this might be of clinical utility in designing treatment modalities.
Among the p53 pathway proteins studied, p53 overexpression showed significant association with poor survival in univariate analysis. However, it did not show independent influence on the survival of the patients by multivariate analysis. We evaluated p53 expression using two clones (clone DO-7 and clone Pab 240). Immunohistochemically, p53 could be assigned as wild or mutant type, based on its expression pattern using antibodies DO-7 and Pab240 under nondenaturing conditions. 23 This again is based solely on the mutant-specific conformational alteration of certain specific regions on the p53 protein. Although we utilized formalinfixed, paraffin-embedded section (denatured) for immunohistochemical technique, we noticed prominent difference in p53 expression detected with clone DO-7 and clone Pab240 antibodies. From this, we assume that positivity using Pab240 expression indicates mutant p53 even in the denatured condition. We had reported earlier that p53 overexpression detected by mutant-specific Pab240 can independently predict the local treatment failure in conventional fractionation of radiotherapy protocol and not in altered fractionation schedule. 9 Conventional fractionation is expected to activate selectively p53-mediated apoptotic pathway in the tumour cell. Hence, patients with mutant-specific p53 overexpression should be considered for other treatment modalities. Several studies reported a positive relation between the alterations in p53 gene and poor prognosis in head and neck cancer patients. [24] [25] [26] [27] [28] However, in the present study, we could not find any independent influence of p53 on prognosis in oral cancer patients. This may be because we analysed the important proteins of both pathways, p53 and Rb, together to determine the prognostic efficacy and, therefore, the Rb pathway proteins proved to be independent over the p53 pathway proteins in the multivariate analysis. The other studies mentioned above have also analysed the p53 protein or the proteins involved in the p53 pathway to determine its prognostic influence and some of them demonstrated the significant role of these proteins as prognostic markers. [24] [25] [26] [27] [28] However, some previous reports did not find any prognostic significance of p53 in head and neck cancers. 29 Recently, Balz et al 30 reported that 95% of the head and neck cancers lack normal p53 function and concluded that inactivation of p53 per se is not a suitable choice as a prognostic or predictive marker. Since prognosis has a multifactorial molecular background, it is important to look for a battery of markers for its influence on the prognosis of the patients in a larger cohort. In the present study, the above criteria were satisfied by analysing multiple components of the Rb and p53 pathway proteins for their prognostic value in a significantly large patient population and demonstrated that Rb pathway proteins like cyclin D1 and p16 are beneficial in predicting prognosis. Watanabe et al 31 had analysed the prognostic significance of Rb and p53 pathway components at molecular level in astrocytomas and found that aberrations in the p53 pathway are more important than those in the Rb pathway in prognosis. The present study also stresses the need for the simultaneous analysis of a battery of proteins involved in the major pathways in cell cycle regulation to find out the most important ones for the prognosis.
Even though the Rb and p53 pathways are interconnected, the present study demonstrated that the Rb pathway proteins are more important than the p53 pathway proteins for the prognostication of oral carcinoma patients. It was also seen that more than one aberration among the components of the Rb pathway has an additive effect, leading to poor survival of the patients. The alterations in the Rb pathway proteins, like cyclin D1 overexpression and low expression of p16, were associated with reduced survival and act as independent prognostic variables, which can supplement conventional clinical prognostic markers. The combined evaluation of p16 and cyclin D1 in oral carcinoma also identified a group of patients with the worst survival who should be considered for alternate or more intense treatment strategies. Thus, in the present study, Rb pathway proteins cyclin D1 and p16 emerged as the most promising molecular prognostic markers in oral carcinoma.
